Detached first leaves of 3-day-old corn seedlings (Zea mays L. W64AxW183E) were incubated with nitrate in air or 100% 02 in the light. Nitrate accumulation in the leaves was not depressed by O2. NADH:nitrate reductase activity and enzyme protein, as measured with an enzyme-linked immunosorbent assay, increased in parallel during the 8 h nitrate treatment in air, but in 02 the levels of enzyme activity and protein were depressed.
NADH:nitrate reductase mRNA levels were the same in the airand 02-treated leaves. Total soluble protein levels in leaves were slightly depressed by O2 and shifting from O2 to an air environment increased the protein level. Incorporation of [35S]methionine during nitrate treatment revealed that total soluble protein and nitrate reductase protein synthesis were both depressed by the 02 environment relative to air, but both recovered when leaves were shifted from O2 to air. Although 02 accelerated inactivation of nitrate reductase in vitro, the in vivo inactivation rate appeared to be too low to account for the depressed level of nitrate reductase activity in 02-treated leaves. We concluded that O2 inhibition of nitrate reductase biosynthesis in detached com leaves was largely due to inhibition of total soluble protein synthesis at the level of translation.
Nitrate reductase (NR3) activity levels in higher plants fluctuate in response to changes of environmental variables such as light and nitrate (1-3, 11, 21) . For corn leaves, it has been established that NR activity induced by nitrate is related to an increase in NR protein levels (21) , which has also been shown for barley (22) . For corn leafNADH:NR, the authentic cDNA clone Zmnrl was used to show that NR mRNA levels increased in leaves when nitrate was applied to whole plants (10) . These experiments used Northern blotting to establish that Zmnrl specifically hybridized to an approximately 3 treated corn leaves (10) . In addition, we have recently shown with Zmnrl and nuclear run-off analysis of nuclei isolated from corn leaves that the effect of nitrate on expression of NR mRNA is at the level of transcription (C Lillo, WH Campbell, unpublished data). Other investigators have shown that nitrate increases NR mRNA levels in the leaves of barley and tissues of other plants (2, 7, 15) . Molecular oxygen is at once both necessary and toxic to aerobic cells, its toxicity being due more to the reactivities of free radicals derived from dioxygen than to molecular oxygen itself (19) . In leaves, the generation of reduced forms of 02, such as H202 and the free radicals 02 and OH', is considered an unavoidable consequence of normal metabolism (9) . These free radicals can damage many types of biopolymers, including nucleic acids and proteins (18) , and affect membranes and membrane-associated structures such as attached ribosomes (8), thus affecting protein synthesis.
There is evidence that 02 may inhibit NR activity in oat leaves perhaps by inactivation ofthe enzyme (13, 14) . Because ofthe potential damage 02 radicals can cause to cell structures and biopolymers, it seemed possible that enzyme inactivation is not the only mechanism involved in 02 inhibition of NR activity. To determine if alteration in NR mRNA and protein synthesis are also involved in 02 inhibition of NR activity, we have studied the effect of a 100% 02 environment on NR protein and NR mRNA levels during nitrate induction of NR in detached corn leaves. In addition, to determine if NR was inactivated in vivo by 02, cycloheximide was added to nitratetreatment solutions to inhibit protein synthesis and, subsequently, NR activity and protein were assayed. We have concluded that inactivation of the enzyme by 02 in vivo probably does not occur at a high rate, and NR activity appearance is inhibited by 02 due to a decrease in the efficiency of translation, since mRNA levels are not altered by exposure to 100% 02.
MATERIALS AND METHODS

Plant Material
Corn (Zea mays L. Wn64AxW183E) seedlings were grown in washed vermiculite for 3 d in a growth chamber at 30°C in continuous light and were watered with deionized water. First leaves were harvested, placed in groups of 6 in 30 mL glass tubes with 15 mL of either Hoagland solution containing 35 mM NH4NO3 or deionized H20 and maintained in continuous light at 30C. Oxygen treatments were made by bubbling 100% 02 into the solution. In all cases, the leaves were placed in water for 2 h before nutrients were given (pretreatment).
NR Assay
Six leaves were ground in a cold mortar with acid washed sand and 1.5 ml of 0.1 M K-phosphate (pH 7.5), 7.5 mM cysteine, 1 mM EDTA, and 50 mg polyvinylpolypyrrolidone. After centrifugation for 10 min in an Eppendorf microfuge, NR activity was assayed in crude extracts as described in Campbell and Smarrelli (5) (17) was applied to nitrocellulose filters using a BRL slot blot apparatus. Zmnrl, an authentic corn leaf NADH:NR cDNA clone (10) , was radiolabeled with [32P]dCTP using a random-primed DNA synthesis kit (BMB) and used to probe the slot blots. Prehybridization, hybridization, washing, and autoradiography of the filters were done as previously described (10 washed with deionized water, and blotted with paper towels. Extracts were prepared as described above, except 1 mM methionine was added to the extraction buffer. Total incorporation of label into the leaf protein fraction was assayed by precipitation of protein with TCA and collection on glass filters as described for in vitro protein synthesis (BRL protocol) . A similar set of leaves was treated in the exact same manner, except the radioactive methionine was replaced by 200 MCi [3H]-L-leucine. The incorporation of radioactivity into NR protein was measured as follows: a microtiter plate was coated with 0.125 mL/well of 0.01 mg rabbit anti-NR IgG/mL in PBS and incubated for 2 h at room temperature. Unbound IgG was removed by washing the wells with PBS three times and unbound sites blocked for 2 h at room temperature with 0.250 mL/well of 0.5% (w/v) BSA in PBS. A control plate (for measuring nonspecific binding) was prepared by coating with only BSA. After washing the wells 3 times with PBS, 0.1 mL/well ofthe radioactive extract diluted in BSA-PBS containing 1 mM L-methionine was incubated in the wells for 2.5 h at room temperature. After washing with PBS six times, the contents of the wells were solubilized by shaking with 0.1 mL/well of PBS containing 1% SDS and 5% 2-mercaptoethanol for 50 min at 60°C. Finally, the aliquots were pooled and the radioactivity was determined with a Beckman Model LS 1801 Scintillation Counter. The counts obtained for nonspecific binding to the BSA-coated wells were subtracted from those obtained for specific binding to anti-NR antibody coated wells.
Nitrate Content
Six leaves were boiled in 3 mL deionized water in a water bath for 20 min. After cooling in ice,.the volume was adjusted to 3 mL with water. The amount of nitrate was determined in a 0.1 mL aliquot of the extract with 0.1 mL of purified NR, 0.1 mL 1.6 mg/mL NADH, and 1.7 mL 0.03 M Kphosphate buffer (pH 7.5) containing 0.05 mM EDTA. After 15 to 20 min at 30C, all the nitrate present in the extract was reduced to nitrite. Nitrite was determined as in the standard NR assay (5).
Soluble Protein Determination
Soluble protein in crude extracts was measured by the micro-dye-binding protein assay described by Redinbaugh and Campbell (20) .
RESULTS
Effect of Oxygen on Nitrate Content of Detached Leaves
The leaves contained little nitrate when harvested. Nitrate accumulated in the leaves very rapidly during the first 2 h of nitrate treatment and more slowly during the next 6 h (Fig.  1) . The pattern of nitrate accumulation was the same for the air-and 02-treated leaves, which indicated the 100% 02 environment did not alter nitrate accumulation.
Effects of Oxygen on NR in Detached Leaves Treated with Nitrate
Initially, NR activity was very low, which correlated well with the low initial nitrate content of these leaves. Little change in NR activity was found after the 2 h pretreatment in water with either air or 100% 02, and control leaves incubated for longer periods of time in water without nitrate did not increase in NR activity ( Fig. 2A) Figure 3 are representative of the results found in at least three different experiments.
and continued to increase for the next 6 h but at a slower pace. In 02, the increase in NR activity was less than in air, and no increase was observed after 6 h of nitrate treatment ( Fig. 2A) . The same patterns of response were found for NR protein, as measured by ELISA, with the 02-treated leaves always having a lower level than air-treated leaves (Fig. 2B ).
When leaves were switched from air to 100% 02 after 4 h of nitrate treatment, NR activity and NR protein continued to increase for the next 4 h, but more slowly than leaves maintained in air (Fig. 3) . When leaves were switched from O2 to air after 4 h of nitrate treatment, NR activity did not begin to increase until about 1 h later, but after 4 h in air both NR activity and NR protein had increased to high levels (Fig. 3) . low, and probably near the level of nonspecific binding of the probe, which was not evaluated in these experiments (Fig. 4) . Thus, it is difficult to determine from these data ifa significant level of NR mRNA was present in the leaves prior to the nitrate treatment; however, it is apparent that exposing the leaves to 02 and depriving them of CO2 during the 2 h pretreatment in water did not induce expression of RNA which interfered with the specific hybridization of the Zmnrl probe. After 2 h of nitrate treatment, NR mRNA levels in leaves exposed to air or 02 had significantly increased and continued to increase during the next 6 h (Fig. 3) (Fig. 5A) . When leaves were switched to an air environment after 6 h in 02, the soluble protein level 4 h later had recovered to the level of air-treated leaves (Fig. 5A) . However, all these differences were small.
To obtain a clearer understanding of the effects of 02 on soluble protein synthesis and more specifically on NR protein synthesis, detached leaves were incubated with labeled methionine or leucine during the pretreatment period and the nitrate treatment. Total incorporation of label into soluble protein increased at a steady pace in air-treated leaves incubated in nitrate (Fig. 5B) . Lower levels of incorporation were found for 02-treated leaves in nitrate at all times of analysis (Fig. 5B) Incorporation of label into NR protein was evaluated using an immunoadsorption procedure with a solid phase system similar to the ELISA. For air-treated leaves in nitrate, labeled amino acid was accumulated in NR rapidly during the first 2 h and more slowly during the next 6 h (Fig. 5C ). This pattern of label accumulation was basically the same as found for the increase in NR activity and NR protein (Fig. 2) . The counts in NR represented about 0.18% of the total incorporation at 2 h and progressively decreased to 0.1% by 8 treated leaves in nitrate (Fig. SC) . The pattern of label accumulation in NR in leaves given the 02 environment showed a steady increase similar to those found for accumulation of NR activity and protein by similarly treated leaves (Fig. 2) . When the 02-treated leaves were switched to air after 4 h of nitrate treatment, label rapidly accumulated in NR and reached a level slightly greater than was found for air-treated leaves (Fig. 5C ). The counts in NR in these 02-treated leaves switched to air represented about 0.14% of the total counts incorporated, which is similar to the level in 02-treated leaves not switched (0.14-0.16%). The percent of label in NR compared to the total was higher in 02-treated leaves than airtreated leaves at the end of the 8 h nitrate treatment. Thus, it appears that 02-treated leaves made more NR protein as a percentage of the total soluble protein, but since NR activity was generally lower in these leaves, some of the NR protein must be inactive.
Inactivation of NR by Oxygen Since some ofthe above results as well as results in previous studies (13, 14) suggested that 02 could inactivate NR, we analyzed the effects of incubating highly purified NR in an 02 environment. As compared to a control maintained in N2, NR activity was lost linearly for 60 min and only 10% of the original activity remained after 90 min (data not shown). However, we have also observed that exposure ofNR to 100% 02 during turnover with the substrates does not lead to inactivation of the enzyme (P Ruoff, WH Campbell, unpublished data). To determine if NR was inactivated in vivo by exposure of the leaves to 2, cycloheximide was added to the solution in which the leaves were being incubated (Table I) . It was expected that new NR synthesis would be blocked by the protein synthesis inhibitor and changes in the levels of NR activity and protein would provide a measure of NR inactivation. Cycloheximide appeared to inhibit the appearance of additional NR activity and protein during the 6 h treatment for both air-and 02-treated leaves, but NR activity and NR protein levels were only slightly lower in 02 than air (Table I) . Thus, 02 did not appear to cause a large in vivo loss of NR activity.
DISCUSSION
There is abundant evidence that NR activity increases in response to treatment of leaves with nitrate (1-3, 11, 21 in transcription of the NR gene (C Lillo, WH Campbell, unpublished data).
Our focus in this report is on the effects of 02 on NR biosynthesis in detached corn leaves. Our results show that NR activity and NR protein appearance in leaves during treatment with nitrate are partially inhibited by 02, but that the NR mRNA levels are the same in air-and 02-treated leaves (Fig. 2, 4, and 5) . Thus, 02 did not affect the steadystate levels of NR mRNA that hybridize at high stringency to Zmnrl, an authentic cDNA for corn leaf NADH:NR (10) . Although the RNA isolated from 02-treated leaves was not characterized in detail, it appears unlikely that a new species of RNA was induced by 02, which interfered with the analysis ofNR mRNA. Furthermore, when leaves were switched from an 02 to air environment, it appears that the NR mRNA present in 02-treated leaves was effectively used to synthesize new NR protein and functional NR (Figs. 3 and 5) . The depressed levels of NR activity and protein in 02-treated leaves were probably due to a partial inhibition of translation of the available NR mRNA by 02. This conclusion was supported by the 02 inhibition of labeled methionine incorporation into total soluble protein (Fig. 5B ), which indicated a general decrease of translation efficiency may have resulted from the 02 environment. However, the 02-treated leaves were also being deprived of C02, and this may have contributed to the decrease in protein synthesis. In addition, the 02 environment may have caused accelerated protein inactivation, especially for NR which was previously shown to be 02 sensitive (14) . However, when cycloheximide was used to inhibit protein synthesis, NR was not inactivated at a high rate in the 02-treated leaves (Table I) . Consequently, it was difficult to account for our observations by assuming NR was rapidly inactivated by 02. We conclude that a large part of the 02 effect on the appearance of NR protein and activity in nitrate-treated leaves is not specifically directed at NR but rather a general effect on total soluble protein synthesis. To our knowledge, 02 inhibition of protein synthesis in leaves has not been previously reported. However, our experiments are complicated by the fact that the leaves treated with 100% 02 were also being deprived of CO2 and more study is needed to separate the effects of 02 from those of CO2 deprivation.
Another possible explanation for our results might be that more than one NR gene is transcribed when corn leaves are treated with nitrate. Although a second form of NR is known to exist in corn, NAD(P)H:NR, its activity is not expressed at high levels in the leaves of the cultivar of corn used in our studies but is expressed in roots and perhaps scutella (3) . The NAD(P)H:NR of corn has not been cloned; therefore, it is not yet possible to determine if its mRNA is expressed in leaves. However, it is unlikely that our cDNA clone for corn leafNADH:NR, Zmnrl, would cross hybridize to another NR mRNA under the high stringency conditions used here since Zmnrl contains a large 3' untranslated region (over 200 base pairs) as well as the code for the NADH-binding site of NR (10) . Since we have established by comparison of the amino acid sequence deduced from the nucleotide sequence ofZmnrl and a partial amino acid sequence of homogeneous corn leaf NADH:NR that this clone truly encodes the message for the major and perhaps the only NR species found in corn leaves (10) , it appears valid to assume at this time that no other NR mRNA could have interferred with results presented here.
Our results indicate that 02 only partially inhibits protein synthesis in detached leaves and that it requires some time to establish the inhibition under our conditions. However, the 02 inhibition is reversed in a rather short time as judged by the resumption of NR activity and NR protein appearance about 1 h after transfer to an air environment (Fig. 3) . Total soluble protein synthesis, which was depressed by 02, also recovered rapidly when the leaves were moved to air (Fig.  SB) . 02 toxicity is generally accepted to be due mainly to the reactivities of its reduced forms such as H202 and the free radicals 02 and OH' formed during normal metabolism and not to molecular oxygen itself (9, 19) . There is evidence that the superoxide radical (02) is involved in damage caused by ozone (19) . It was reported that ozone treatments resulted in decreased protein synthesis in leaves, caused oxidation of protein sulfhydryls, and promoted dissociation of polysomes, especially those of chloroplasts (6, 12) . Oxygen or its toxic derivatives might have a similar effect on cytoplasmic ribosomes resulting in an inhibition of translation of nuclear encoded mRNAs such as the NR mRNA.
